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ABSTRACT 


A short  period  arrival  on  records  of  the  Bermuda-Columbia 
Seismograph  Station  is  identified  as  the  T nhase.  The  path  of  pro- 
pagation consists  of  land  oaths  up  to  51°  proceeding  14°  of  water 
path.  It  is  shown  that  the  travel  time  of  this  phase  can  be  accounted 
for  if  the  energy  travels  as  the  ? ohaee  over  the  land  path  and  the 
T phase  over  the  ocean  path.  Background  noises  in  the  Sofar  channel 
do  arise  in  some  cases  from  earthquakes  as  much  as  several  thousand 
miles  inland. 

INTRODUCTION 

The  T phase  is  a short  period  phase  which  travels  with  the 
velocity  of  sound  in  water.  Its  duration  is  from  thirty  seconds  to 
several  minutes  and  its  beginning  and  ending  are  gradual.  The  maximum 
amplitude  is  near  the  midpoint  of  the  signal  and  the  frequency  of  the 
T phase  is  ? to  6 cps. 

While  operating  the  Bermuda-Columbia  Seismograph  Station,  the 
author  observed  a short  period  phase  with  T characteristics  which 
correlated  with  earthauakes  in  South  America.  Preliminary  calculations 
showed  that  the  travel  time  could  he  accounted  for  by  using  P travel 
time  from  epicenter  to  the  north  coast  of  Puerto  Rico  and  T phase 
travel  time  from  Puerto  ^ico  to  Bermuda. 

Tolstoy  and  Ewing  (1950)  studied  the  seismograms  of  the  Fordham, 
Weston,  and  Ottawa  stations  and  showed  that  only  the  Atlantic  earth- 
quakes occurring  north  of  the  Dominican  Republic  produced  T phases. 

They  concluded  that  the  Mid-Atlantic  Ridge  and  Azores  Plateau  would 
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stop  or  greatly  reduce  the  amount  of  energy  carried  in  a T phase  from 
Azores  shocks  and  that  T phases  from  Mid-Atlantic  Ridge  shocks  were 
not  observed  because  of  tht.  small  magnitude  of  the  shocks,  the  ocean 
bottom  topography  near  the  epicenters,  and  the  large  angle  of  incidence 
at  the  continents!  shelf  in  their  p^th  to  the  station.  The  T phase 
-t  Martinique  from  earthrunkes  in  Costs  t?ica  wr.s  studied  by  Coulomb 
and  Volard  (195?).  These  T phase  paths  contf in  land  segments  with 
water  on  either  side  and  it  was  concluded  that  continental  propagation 
of  T waves  on  the  periphery  of  the  Carribean  did  not.  appear  possible 
as  F waves  but  did  appear  possible  as  8 waves.  Ewing,  Press,  and 
Torzel  (195?)  examined  T chases  from  Pacific  earthquakes  for  which 
the  oath  was  as  nearly  as  possible  oceanic  and  concluded  that  the  T 
phase  is  prorogated  as  compression?!  waves  in  water.  *k>de  + i and 
Inouye  (19fc5)  investigated  the  T phases  of  Pacific  earthquakes  and 
suggested  that  the  T wave  is  generated  at  the  ocean  bottom  near  the 
epicenter  by  SV  and  P waves  and  confirmed  the  opinion  of  Ewing,  Press 
and  Torzel  (195?)  that  the  existence  of  the  steep  slope  of  the  sea 
bottom  plays  an  important  part  in  the  entrance  into  the  water. 

In  the  present  paper  results  are  presented  from  on  investigation 
of  eartiiqu&kew  of  magnitude  greater  than  64  occurring  in  southern  Mexico, 
Central  America  and  South  America  since  the  installation  of  Penioff 
short  period  seismographs  on  Fenmido  in  1951.  Selected  Penioff  short 
period  vertical  records  from  the  San  Juan  station  were  also  used  in 
the  investigation.  The  results  show  that  significant  amounts  of  energy 


can  be  propagated  over  a path  consisting  of  land  from  epicenter  to 
the  north  side  of  Puerto  Rico  and  water  from  Puerto  ^ico  to  Bermuda. 

All  epicenter  and  time  data  used  in  the  study  erne  from  the 
C'rds  of  Preliminary  Determination  of  Epicenter  issued  by  the  D.  S. 

Coast  and  Geodetic  Survey,  end  the  travel  times  of  P were  obtained 
from  Seismological  Tables  of  Jeffreys  and  Pullen  (1918).  The  T phases 
were  identified  at  Permuda  on  the  records  of  Penioff  short  period 
seismograms  recording  on  film  and  on  the  Sofar  geoohone  recording 

on  ohotograohic  paper.  The  latter  instrument  has  a peak  response  to 
waves  with  frequency  of  8 - 1?  cps. 

DISCUSSION 

All  earthquakes  studied  are  listed  in  Table  I rhich  gives 
epicenter  data,  magnitude,  and  distance  from  Bermuda.  Throughout 
the  discussion  the  different  earthquakes  will  be  referred  to  by  num- 
ber. Table  II  is  a summary  of  travel  time  data  or  earthquakes  which 
produced  a T phase  at  Bermuda.  The  precise  ocean  path  to  Bermuda  is 
somewhat  uncertain  ror  the  earthquakes  in  Table  II.  The  paths  for 
all  these  tremors,  as  seen  in  Figure  I,  intersect  the  steep  submarine 
slope  near  the  Puerto  Rico  Trough,  and  only  small  errors  are  introduced 
by  taking  14°  ns  the  rater  path.  The  travel  time  ror  this  14°  of  water 
was  taken  as  17m  °?s  which  corresponds  to  a velocity  of  4900  ft/sec. 

Table  II  shows  which  instruments  recorded  the  T phases  and  the 
difference  1:i  observed  and  calculated  travel  times.  The  largest  dif- 
ferences are  those  ror  earthquakes  14  and  ??.  These  two  are  the  smallest 
of  the  T phases  identified  at  Bermuda,  14  being  the  smallest  seen  on 
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both  geophone  and  seismograph  and  ??  being  identified  only  on  the 
more  sensitive  geophone.  Even  these  differences  are  reasonable  in 
view  of  the  14°  approximation  of  water  path  since  n sm&ll  error  in 
wat^r  path  of  1°  would  make  the  calculated  total  travel  time  differ 
by  amounts  comparable  to  the  difference  in  obserwed  and  calculated 
times.  The  possibility  of  attributing  the  T phases  to  other  coincidental 
tremors  is  slight  since  for  the  six  earthquakes  in  Table  II  either 
the  San  Juan  records  or  the  Joint  Pulletin  of  Atlantic  stations  has 
been  examined  and  San  Juan  indicates  no  other  possible  source  of  the 
ohnse. 

The  nossibility  must  be  noted  that  some  of  the  earthquakes  of 
Table  I could  generate  a T phase  not  detected  at  Bermuda.  A small  T 
phase  would  be  detected  only  on  the  more  sensitive  rator  instrument 
and  the  tanks  near  Bermuda  shelter  this  instrument  from  arrivals  from 
the  more  Festwnrd  direction.  There  is  an  additional  obstacle  in  the 

possibility  of  a 7 phase  being  generated  ty  the  more  westward  earthquakes 
of  Table  I.  Figure  II  shows  a N-S  cross-section  from  Puerto  ^ico  into 
the  ocean.  The  conditions  here  are  very  good  for  the  ~ phase  to  enter 
the  water  as  the  T phase.  However,  moving  westward  the  condition  becomes 
increasingly  poor.  A glance  at  a bathymetric  chart  of  the  Feat  Indian 
region  shows  that  there  are  no  submarine  slopes  comparable  to  that  near 
Puerto  cico  and  much  of  the  slope  that  does  exist  is  sheltered  by  islands 
and  banks  so  that  there  is  no  good  water  path  to  Bermuda. 

It  is  unfortunate  that  the  earthquakes  suitable  for  this  dis- 
cussion produce  P phases  at  Ban  Juan  of  such  magnitude  and  frequency 
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that  the  records  are  difficult  to  reproduce.  Hoover,  close  examina- 
tion of  wi guess  ITT  and  IV  shows  that  **or  eorthnuckes  9 and  17  the  P 
nhase  as  seen  at  San  Juan  is  very  nearly  the  some  frequency  as  the  T 
phase  at  Bermuda,  ar.d  Figures  V - 4 and  V - B show  that  the  San  Juan 
? phase  of  earthquakes  16  and  18  which  did  not  make  T phases  are  of 
much  lower  frequency  than  the  ? phase  of  either  9 or  17.  It  is  also 
interesting  to  note  by  comparing  Figures  III  - A and  III  - B to  Figure 
VI  that  the  San  Juan  P phase  of  the  earthquakes  of  Table  II  are  very 
similar  to  the  p phase  of  the  local  earthquake  Pi,  which  gave  a T phase 
at  Bermuda.  Figure  VII  of  a San  Juan  P phase  from  earthquake  If  gives 
an  indication  of  the  magnitude  of  P necessary  at  San  Juan  to  give  T at 
Bermuda.  The  P phase  for  this  earthquake  shows  a frequency  near  that 
of  a T phase  at  Bermuda,  but  the  amplitude  is  small  compared  to  the 
° phases  of  earthquakes  which  actually  gave  T at  Bermuda.  By  comparing 
earthquakes  IF,  17  and  ?1,  it  can  he  seen  that  a deep  focus  earth- 
quake seems  to  be  a better  eenemto^  o'*  this  T phsse.  These  three 
tremors  are  very  close  to  the  same  distance  from  Bermuda  at  very  nearly 
the  same  azimuth.  Their  magnitudes  differ  somewhat,  hut  91  is  perhaps 
the  smallest  since  the  U.  S.  Coast  and  Geodetic  Purvey  gives  no  magni- 
tude number,  and  yet  IF,  the  only  shallow  earthquake  of  the  three,  is 

the  only  one  not  to  give  a T phase  at  Bermuda.  It  is  also  noticeable 
that  the  two  shallow  focus  earthquakes  of  Table  II  are  the  ones  ’"ith 
the  largest  difference  in  observed  and  calculated  travel  time. 

Certainly  the  magnitude  of  the  earthquake  ir  of  importance  also 
in  determining  whether  or  not  a T phase  will  be  generated,  and  there 
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mu  fit  be  ocean  bottom  topography  at  some  notnt  in  the  path  suitable 
t’or  T to  enter  the  water.  The  actual  entrance  into  the  water  con  be 
explained  by  the  arrival  of  the  p wave  at  the  submarine  slope  as  des- 
c" i Led  >y  nui  Jn-,nye  (IPF?)  although  in  our  case  the  slope  is 

d * s + e>it  r\  the  eni rentf'’’  by  many  ti^es  +he  de">th  of  rocus. 

^ ^ lOn  Vnr*  r*cj  I hn  ^ Ont  vO  V6  ''wJT  ^ VaO 

mode  ~jr  oronogntion  of  the  T phase  between  the  ocean  and  an  inland 
station  such  as  Ottawa.  Since  the  noth  from  the  vicinity  or  Ottawa 
to  Eernuda  is  much  the  sane  as  the  path  of  the  earthquakes  ar  Table  II, 
earthquakes  in  the  vicinity  or  Ottawa  were  studied  when  PeTnudo  records 
**e'*e  available.  The  path  t,o  Eernuda.  of  eort.hnt.ake  P 5 consists  of  about 
pu  land  and  3°  water  so  that  one  would  expect  T about  PPh  IGn  00s. 

Fermudn  recorded  eT  at  PPh  17m  7,1s  .and  Tnrx  at  PPh  I9m  P4s.  In  comparison 
to  Table  II  this  is  a rattier  large  difference  in  observed  and  calculated 
travel  time  but  the  sane  possible  errors  are  oresent.  The  data  of  earth- 
quake PE  suggests  that  the  conditions  necessary  for  the  T phase  to  go 
from  land  to  rater  may  be  much  the  same  nr  needed  to  go  from  water  to 
land. 

CONCLUSIONS 

The  following  conclusions  ere  reached  in  thi.  study  of  T phases 
renevrited  by  inland  e^c+.L-ujak^'f.  . 

1.  ^he  en°rpy  trairels  P before  entering  the.  water.  The  S 
nhnpo  ip  no+  an  effective  generator  of  T at  the  °uerto  ^i^o 
flcoro. 

?.  A deep  rocus  earthquake.  is  apparently  a better  generator 


of  this  T nhnse 
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5.  Both  magnitude  and  frequency  of  the  P phase  are  critical 
in  determining  whether  It  will  generate  a T phase  upon 
its  arrival  at  a steep  submarine  slope. 

4.  AT  phase  will  be  generated  by  the  arrival  of  a P phase 
at  a steep  submarine  slope  if  the  ? phase  contains  energy 

within  the  characteristic  frequency  range  of  the  T phase, 
and  this  T phase  can  be  detected  at  distant  stations  if 
there  are  no  obstacles  in  the  path  between  the  submarine 
slope  and  the  station. 

5.  The  P-T  transmission  could  have  been  predicted  by  considera- 
tions o f resciprocity  from  earlier  observation  at  inland 
stations, 

6.  Earlier  work  (Ewing,  Press  and  Forzel  - 195?)  demonstrated 
the  contribution  to  the  beckground  noise  in  the  Sofrr 
channel  or  earthquakes  in  or  on  the  neriphe-’-y  or  a given 
ocean  basin.  It  Is  now  seen  that  distant  earthquakes 


also  can  contribute 
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Figure  V 


A ^ar.  Juan  p Phase  of  Earthquake  16 
B San  Juan  P Phase  of  Earthquake  19 


Phase  of  Earthquake  ?4 


